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ABSTRACT
Experimental Evaluation of Replaceable
Shear Fuse Moment Connections
Shannon Shun Yin Oh
Department of Civil and Environmental Engineering, BYU
Master of Science
Steel special moment frames (SMFs) are known to be highly ductile seismic forceresisting systems. The performance of an SMF relies on the ability of the connections to
accommodate large inelastic deformations. After the brittle failure of some steel moment frame
connections during the 1994 Northridge Earthquake, experimental tests were used to investigate
the ductility and strength of these connections.
An experimental study was performed to investigate the seismic performance a new
connection called the Replaceable Shear Fuse (RSF) connection. The RSF connection uses
shear-yielding fuse plates to prevent beam and column yielding. A total of 7 test specimens with
varying fuse plate sizes and configurations, a W14×48 column, and a W14×38 beam were
created. The connections were loaded laterally and cyclically at increasing displacements until
the connection failed.
The results show that RSF connections have the capability to prevent beam and column
damage by focusing inelastic rotations to shear fuse yielding and bolt slip. Specimens with 14 in.
deep beams achieved rotations ranging from 0.06 to 0.10 rad without excessive degradation and
local buckling. Stable yielding was also achieved for all test specimens. Hysteretic responses for
Specimens A1.3 and A1.4 were similar to typical responses from welded moment connections.
The behavior of Specimen A1.16 was similar to that of a bolted flange plate connection, whereas
the other remaining specimens had responses that were a combination of welded moment and
bolted flange plate connections. Peak responses from tests indicated that inelastic rotations were
accommodated by both fuse plate yielding and bolt slip. The first observation of major bolt slip
occurred in the fuse plates as early as the 0.05 rad drift cycle. The early occurrence of bolt slip
allowed for a higher rotational capacity. While the top and bottom fuse plates were replaced for
each test, no repairs were needed for the beam and column. The RSF connection proved to be a
more resilient alternative SMF connection.

Keywords: resilient steel moment connection, seismic design, shear fuse yielding
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INTRODUCTION

Steel special moment frames (SMFs) are highly ductile seismic force-resisting systems
that have the ability to accommodate large inelastic deformations. To prevent the collapse of a
building during earthquake loading, certain elements may be sacrificed. Such elements are called
structural fuses.
During the 1994 Northridge earthquake, some steel moment-resisting connections
experienced unexpected costly failure. After thorough inspections, the failures of these
connections were attributed to brittle fractures in and around the welds that were initiated near
the backing bar of the bottom flange weld. These fractures then propagated through the shear tab,
beam, and column. In response to these mass failures, the Federal Emergency Management
Agency (FEMA) developed a 5-year program that was managed by the SAC Joint Venture.
Numerous studies were carried out to determine improvements for existing connections and
develop alternative connections. Many of these connections eliminated the potential failures that
pre-Northridge connections had.
Although many of the improved and alternative SMF connections eliminated potential
failures that pre-Northridge connections had, the connections still lacked resiliency and ease of
replacement. Typical SMF connections, such as the reduced beam section and bolted flange plate
connections, accommodate inelastic deformations by sacrificing the beam. Deformations are
focused into the beam by forming a plastic hinge. Once a moment frame has experienced severe
1

earthquake loading, the frame will have to be replaced. Resiliency in SMF connections refers to
the connection’s ability to accommodate inelastic deformations while keeping the building frame
reusable. Resilient SMF connections focus deformations into structural fuses rather than yielding
the beam and column. By doing so, the structural integrity of the building frame is preserved,
while only the structural fuses will need to be replaced.
The objective of this research is to experimentally evaluate the seismic performance of a
new steel moment connection, called the Replaceable Shear Fuse (RSF) connection. This new
connection aims to accommodate large plastic rotations, with lower fabrication and replacement
costs. The RSF connection uses shear-yielding fuse plates to prevent beam and column yielding.
Figure 1-1 provides an overview of the RSF connection, with the various parts labeled.
Plates and bars are used to connect beams to columns. Cover plates are fillet welded to the
column flanges on both sides of the column. Each cover plate has two bars, for a total of four
bars in the connection, that are fillet welded to the cover plate. A shear tab, with horizontal
slotted holes, is fillet welded to the column face. The beam attaches to the column using the
beam web and flanges. The beam web, with standard holes, is bolted to the shear tab with
tensioned bolts. The beam flanges, with standard holes, are bolted to the bars using top and
bottom fuse plates. The two fuse plates are fabricated with oversized holes. Part of the beam web
is also coped.
The purposes of the plates were to bolt the beam flanges to the bars together and divert
the deformation away from the beam and column. This was unlike most moment connections
that typically form a hinge in the beam to accommodate plastic deformations. The connection
was also proportioned such that there was an increased ease in replacing and removing the
connection following a severe earthquake loading.
2

Top Shear
Fuse Plate

Column
Bar

Beam
Cover Plate

Bar

Bottom Shear
Fuse Plate

Figure 1-1: Overview of RSF Connection

Seven beam-to-column connection tests were conducted at Brigham Young University to
determine the effectiveness of the RSF connection. The experimental tests followed the
established testing procedures for steel SMF connections found in AISC 341-16 §K2 (American
Institute of Steel Construction 2012). The one-sided moment connection had a W14×48 column
and W14×38 beam that were connected with a RSF moment connection. Each specimen test was
assigned a particular set of top and bottom plates that would determine the seismic performance
of the connection. Two types of plates were used during testing. One type of plate, known as the
structural fuse, was proportioned such that specific regions experience shear yielding when the

3

connection is subjected to earthquake loading. The other plate type did not have a shear yielding
area and was intended to experience minimal yielding.

4

2

LITERATURE REVIEW

Introduction
Before 1994, SMFs used a typical prescriptive welded moment connection. The costly
widespread damage that occurred during the 1994 Northridge earthquake to the SMFs propelled
additional research to develop more reliable moment connections. The following chapter covers
previous studies on the seismic performance of other notable moment connections. This chapter
is separated into three distinct sections: Pre-Northridge connections, Post-Northridge
connections, and resilient connections.

Pre-Northridge Connections
Previous to the 1994 Northridge earthquake, the use of fully restrained welded steel
moment frames (WSMFs) was encouraged by building codes as the primary earthquake lateral
resistant system. WSMFs were popular due to their lack of height limitations and large Rw
factors, or elastic response factors (Kunnath and Malley 2002). The cost, versatility, and
assumed high plastic deformation capacity led to the common usage of WSMF connections
(Mahin 1998).
Most damaged buildings during the 1994 Northridge earthquake followed the then
modern codes and building practices. A loss of confidence in these procedures after the
earthquake prompted FEMA sponsored programs to develop and validate reliable and cost-

5

effective moment frame connections. The first phase of this program was to determine the cause
of the costly damages to the existing moment frame connections. The evaluation of the WSMF
connections and welded-flange-bolted-web (WUF-B) connections will be discussed in the
following sections.

2.2.1

WSMF Connections
A common widespread damage in the WSMFs during the Northridge earthquake was

premature brittle fractures that were commonly found near the welded joint of a beam flange
weld that propagated through the beam and column (Mahin 1998). Lee and Foutch (2002)
performed experimental testing on an analytical model that was created to analyze the hysteretic
behavior of pre-Northridge moment connections. These studies concluded that pre-Northridge
buildings were more flexible than post-Northridge building. This flexibility coupled with brittle
connections increased the likelihood of pre-Northridge buildings of collapsing (Lee and Foutch
2002).
Roeder (2002b) discussed some primary attributes that determined the effectiveness of
moment frame connections. Buildings are expected to be capable of sustaining high inelastic
deformations during a major earthquake if they are designed using the seismic design provisions.
The moment connections damaged during the Northridge earthquake appeared to have sustained
no inelastic deformations. Roeder (2002b) specified three major components that affect the
seismic performance of a moment frame connection. These three components are strength,
stiffness, and ductility. They can be controlled through a balanced performance between yield
mechanisms and failure mode resistances. Yield mechanisms assist in reducing the stiffness of
the connection by allowing for plastic deformation to occur. Failure modes help control the

6

connection ductility and resistance. It was concluded that the panel zone yielding is a major
component that affects connection performance by providing a yielding mechanism. This
yielding mechanism provides ductility and contributes to the plastic rotational capacity. Ductile
connections cause higher panel zone forces and rotation due to a development of large strain
hardening.

2.2.2

Welded-Flange-Bolted-Web Connections
Another pre-Northridge connection that was evaluated was the WUF-B connection.

These connections were also discussed by Roeder (2002a). During small earthquakes, buildings
are typically required to remain elastic throughout the duration of the earthquake. During a major
earthquake, buildings are required to be capable of sustaining large inelastic deformations
without collapse or loss of life. This requires components of moment frame connections, such as
the beam, connection itself, and the column panel zone, to have high inelastic deformation
capacities. The pre-Northridge WUF-B connection did not consider the connection’s strength,
stiffness, and ductility capacities. The connection was viewed as a rigid connection with the
assumption that the connection resistance was larger than the resistance of the column panel zone
or the plastic moment capacity of the beam. The ductility of the connection was also assumed to
be very large. These assumptions were all proven wrong during the Northridge Earthquake.

Post-Northridge Connections
Phase II of the FEMA sponsored program after the 1994 Northridge Earthquake involved
studies to develop and test new connections that were more reliable and cost-effective. A variety
of connections were investigated in this phase of the program. The following sections will
discuss the research performed on many of the Post-Northridge connections and the
7

improvements made to increase their reliability. The following connections will be discussed:
welded unreinforced moment connections, reduced beam section connections, plate-reinforced
steel moment connections, bolted flange plate connections, extended end-plate moment
connections, and SidePlate moment connection.

2.3.1

Welded Unreinforced Moment Connections
An experimental study was performed on improved welded unreinforced moment

connections. The results of the inelastic behavior of this connection were presented by Ricles et
al. (2002). The study tested 11 full-scale beam-to-column moment connections, which consisted
of a W36×150 beam with a variety of column sizes (W14×311, W14×398, and W27×258). The
effects of the weld access hole geometry, beam web attachment detail, panel zone strength,
continuity plates, and composite floor slab were evaluated. A typical connection detail is shown
in Figure 2-1.
The maximum story drift that these tests achieved was 0.06 rad with a maximum total
plastic rotation of 0.052 rad. The tests indicated that specimens which predominantly
experienced beam yielding achieved higher plastic rotations than specimens that experienced
mostly panel zone deformation. Excessive panel zone yielding appeared to affect the connection
performance. Better connection performance could be achieved if panel zone deformation is
controlled. This study also indicated that specimens without continuity plates achieved plastic
story drifts higher than 0.041 rad.

8

Figure 2-1: Typical Connection Detail of a Welded Unreinforced Moment Connection
(Ricles et al. 2002)
2.3.2

Reduced Beam Section (RBS) Moment Connections
The reduced beam section (RBS) moment connection, also known as the “dogbone”

connection, was heavily investigated during Phase II of the SAC Joint Venture. It has since been
widely implemented, especially in the West Coast of the United States. A RBS moment
connection reduces the likelihood of premature fracture through a selective trimming of portions
of the beam flanges that are adjacent to the beam-to-column connection. Yielding within the
reduced sections force a plastic hinge to occur in those sections (Jones et al. 2002).
Experimental evaluation was performed on specimens with RBS moment connections by
Jones et al. (2002). This study focused on optimizing the shape of the RBS cut that would allow
for the specimen’s best inelastic deformation performance. Inelastic deformation capacity is
controlled by beam instability or by fracture of the flange. Studies have shown that cyclic

9

instability in RBS connections will begin at the beam web. Flange local buckling will then occur,
followed by lateral torsional buckling, or global instability (Uang and Fan 1999).
Previous studies have performed experimental tests on the RBS cut to determine the
optimum radius and shape of cut. Studies have shown that 60% of constant and tapered cut RBS
specimens ultimately fractured in the RBS, whereas only 5% of radius cut RBS specimens
fractured after local buckling. Results also indicated that the RBS connection has acceptable
levels of ductility.
Single-sided RBS connections that were previously tested had 29 of 35 specimens
achieving 0.03 rad of plastic rotation (Engelhardt et al. 2000). Two of the failed specimens were
fabricated using pre-Northridge weld techniques. Another two failed specimens used the tapered
and constant RBS cuts. All the radius cut specimens except one achieved at least 0.03 rad of
plastic story drift.
Jones et al. (2002) focused on testing the inelastic deformation in the RBS connection by
using double-sided RBS connection details. Two different column sizes (W14×398 and
W14×283) were used with W36×150 beams. A 40% or 50% flange reduction for the RBS
connection was tested in conjunction with the beams and columns. Panel zone strength was also
investigated by assigning a different level of panel zone strength to each specimen. A typical
RBS connection detail is depicted in Figure 2-2.

10

Figure 2-2: Typical RBS Connection (Jones et al. 2002)
Specimens with a balanced panel zone strength reached a maximum of 0.05 rad total
story drift with a 0.04 rad plastic drift. Most of these specimens failed due to excessive strength
degradation (more than 20% reduction in capacity) that was caused by beam instability. One of
the very strong panel zone specimens experienced global instability failure after achieving a total
story drift of 0.03 rad. The other specimen achieved 0.04 rad of total story drift with 0.03 rad of
plastic story drift. Like the balanced panel zone strength specimens, this very strong panel zone
specimen failed due to excessive strength degradation that was also caused by beam instability.
Specimens with a very weak panel zone strength had the highest total and plastic story
drifts, 0.06 rad and 0.046 rad, respectively, of all the tested specimens. These specimens failed
mainly because of fractures in the beam. Since most of the yielding went towards the panel zone
area, the RBS connection did not contribute to the inelastic deformation. Weak panel zones

11

provided a more stable hysteretic response, which correlates to a stable material inelastic
deformation.
Additional tests were also performed on weak-axis RBS connections and connections
with deep columns. Since these studies are not a focus in this thesis, they will not be discussed
here.

2.3.3

Plate-Reinforced Steel Moment-Resisting Connections
There are two types of plate-reinforced steel moment connections that were tested during

the second phase of the SAC Steel Project. The studies focused on testing cover-plate (CP) and
flange-plate (FP) connections. The CP connection consists of both cover plates and beam flanges
being welded to the column flange. Only the flange plates are welded to the column flange in the
FP connections (Kim et al. 2002a).
A nonlinear finite element analysis and full-scale experimental tests were performed by
Kim et al. (2002a, 200b) to evaluate the performance of five CP connection specimens and five
FP connection specimens. W14×176 and W30×99 were used as the columns and beams,
respectively. Grade 50 steel plates were used for all 10 sets of cover and flange plates.
ABAQUS models for eight of the 10 specimens were created and analyzed before
fabrication of the specimens occurred. These models, along with experimental testing, concluded
that rectangular shaped CP connections have the most superior performance of all the shapes
tested. During experimental testing, none of the 10 connections encountered brittle failure. The
strength degradation of the connection occurred because of local buckling of the beam web and
flanges. The connection proved to be capable of beam plastic rotations in excess of 0.02 rad.

12

2.3.4

Bolted Flange Plate Connections
The bolted flange plate connection was an alternative moment connection that was

developed to eliminate many of the potential failures that were associated with the preNorthridge connections. This connection eliminated the need for field welding by using field
bolting and shop welding instead. By doing so, the overall cost of the building was determined to
decrease significantly (Sato et al. 2008). Schneider and Teeraparbwong (2002) tested eight fullscale bolted flange plate connection specimens to investigate the ductile behavior and failure
modes of these types of connections (Schneider and Teeraparbwong 2002). Specimens were
specifically designed to accommodate inelastic deformation either in the flange plates or in the
girder beyond the flange plate connection. These failure modes were considered to offer the best
ductile capacity for the connection by exceeding both 3% plastic and 5% total rotations. A
typical test specimen detail is shown in Figure 2-3.
The first source of inelastic energy dissipation that occurred during the eight full-scale
bolted flange plate connection specimen tests was from bolt slip. The amount of energy
dissipation from bolt slip would depend on the size of the bolt hole. The difference in bolt hole
sizes (oversized holes versus standard-sized holes) would also affect the amount of slip, which
could either be beneficial or cause premature failure.
Panel zone deformations, which formed after bolt slip, contributed to the inelastic
performance of these connections. The large panel zone deformations did not appear to have
detrimental effects on the bolted flange plate connections. Inelastic deformation also occurred in
the flange plates through bolt bearing and yielding of the flange plate. Due to the likelihood of
increased strength through strain hardening, however, another mechanism, such as girder
hinging, may have been engaged instead. Girder hinging produced high inelastic behavior with
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an average of 2% plastic rotation in the girder with a maximum measured rotation of about 4%.
This study concluded that inelastic story drifts of 2.5 to 3% can be achieved by engaging several
of the inelastic deformation mechanisms.

Figure 2-3: Typical Bolted Flange Plate Connection Detail (Schneider and Teeraparbwong
2002)
Sato et al. (2008) further investigated the seismic performance of bolted flange plate
connections. The purpose for these tests was to extend the availability of the connection to larger
beam sizes. Three full-scale, one-sided moment connections were tested using W30×108,
W30×148, and W36×150 beam specimens. Two of the specimens had continuity plates and one
specimen had a panel zone doubler plate. The flange plate had oversized holes, while the bolt
holes in the beam flange were standard holes.
Bolt slip, in the form of very loud noises, began for all specimens at 0.375% or 0.5% drift
and continued to occur throughout their tests. Yielding in the connection region began at 2%
drift, while beam flange and web local buckling began at 4% drift. Lateral-torsional buckling
(LTB) of the beam and column twisting was observed in all specimens at 5% and 6% drift levels.
This had not been previously not seen in the W14 columns. All specimens achieved 0.06 rad of
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drift before failure. Two of the specimens failed when the beam flange net section fractured. The
other specimen failed when necking occurred at the outermost row of bolts.
Slip-bearing deformation contributed about 30% to the total deformation at 4% drift. Due
to the early occurrence of bolt slip, beam flange yielding did not occur until 2% drift. This
contrasts that for a typical welded moment connection, where beam flange yielding would occur
at about 1% drift. Figure 2-4 shows the typical hysteretic plot for the specimens. The pinching in
the plots indicate the slip-bearing behavior of the connection.

Figure 2-4: Typical Hysteretic Plot for Bolted Flange Plate Connection (Sato et al. 2008)
2.3.5

Extended End-Plate Moment Connections
Another alternate moment connection that was developed in response to the Northridge

Earthquake was the extended end-plate moment connection. These connections consist of a plate
that is shop welded to the end of a beam that is then field bolted to the connecting member
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(Sumner and Murray 2002). Sumner and Murray (2002) tested six specimens with the extended
end-plate moment connection. Four different beam and column combinations were used:
W24×68 beam and W14×120 column, W30×99 beam and W14×193 column, W36×150 beam
and W14×257 column, and two W24×68 beams and a W14×257 column. For each
combination, two types of test were performed. The first test was designed for the connection to
develop 110% of the expected nominal plastic moment strength of the connecting beam. The
purpose of this strong plate connection test was to enable a ductile failure in the beam flange and
web local buckling. The other test was designed for the connection to develop only 80% of the
expected nominal plastic moment strength of the connecting beam. This test, the weak plate
connection test, was designed to fail the connection instead of the connecting beam. The strong
plate connection tests were the main focus of this research and was concluded to be the preferred
method of design after testing. A typical extended end-plate moment connection detail is shown
in Figure 2-5.

Figure 2-5: Typical Extended End-Plate Moment Connection Detail (Sumner and Murray
2002)
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The strong plate connection tests performed well with high ductility, rotational capacity,
and excellent energy dissipating characteristics. The specimens failed in the beam, which was as
predicted. The weak plate connection tests performed moderately, but experienced brittle failure.
They first failed by end-plate yielding and then by bolt tension rupture. The strong plate
connection test specimens achieved large inelastic rotations ranging from 0.025 to 0.038 rad.
Larger inelastic deformations could have been reached, but load cycles were stopped prior to
achieving 60% loss of strength. Figure 2-6 shows the typical moment-rotation hysteretic
response of a specimen with good rotation capacity and energy dissipating characteristics. Due to
the nature of the test, extensive yielding only occurred in the beam and no yielding of the end
plate was observed. To ensure that yielding occurs mostly in the end plate, the strength of the
beam should be higher than that of the connection.

Figure 2-6: Total and Plastic Rotation Hysteretic Responses (Sumner and Murray 2002)
2.3.6

SidePlate Moment Connections
The SidePlate moment connection was developed to completely eliminate all potential

brittle behaviors. This was achieved by creating a physical separation between the column face
and the end of the beam through the means of parallel full-depth side plates. The full-depth side
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plates lessen the dependence of the connection’s rotation capacity on the column panel zone
area. Instead, the SidePlate connection was specifically designed so that all energy dissipation
and deformation occurs in a ductile manner away from the column, connection welds, and plates.
The configuration of the plates and welds in this connection allow for positive and direct load
transfer mechanisms (American Institute of Steel Construction 2014). Similar to other moment
connections, the formation of a plastic hinge in the beam is used as the yielding mechanism for
the SidePlate connection (American Institute of Steel Construction 2014). The side plates also
contribute to the increase in the global stiffness of the frame, which would reduce the number of
connections required in a building. As a result, the overall cost of the building frame would be
reduced. The vulnerability of brittle fractures was also eliminated by using fillet welds that are
loaded longitudinally in shear, which increases the ductility of the connection (Houghton 1997).
To increase the quality and cost efficiency, the SidePlate connection is only shop fillet welded
and field bolted (Journal of Construction Steel, 1998). A typical detail for the SidePlate
connection is shown in Figure 2-7.

Figure 2-7: Typical Detail of the SidePlate Moment Connection (American Institute of Steel
Construction 2014)
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Houghton (1997) created and tested the SidePlate moment connection by using three
uniaxial prototype test specimens and one dual strong-axis test specimen. The connection welds,
plates, and column for all specimens remained undamaged after testing. The behaviors and
strengths for all specimens were as expected. They were able to sustain multiple inelastic drift
cycles with an average plastic rotation of 0.036 rad with no reduction in strength. The specimens
also maintained at least 83% of the nominal beam strength.
Another SidePlate moment connection specimen test was also performed by Faridmehr et
al. (2015) to investigate the rotational capacity of the connection. The specimen exceeded the
0.06 rad drift cycle with no fracture developments in the beam. The specimen experienced the
first stage of failure as plastic hinges were initiated at the quarter beam depth away from the
connection. At this stage, the beam flanges also began to experience slight buckling. This failure
is seen in Figure 2-8.

Figure 2-8: Failure of the SidePlate Moment Connection (Faridmehr et al. 2015)
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Testing was also peformed by Hodgson et al. (2010a, 2010b, and 2010c) and Huynh and
Uang (2012) to confirm the global inelastic rotational behavior of the SidePlate moment
connection. The tests confirmed that yielding occurred in the beam section located just outside of
the side plates. For these tests, ultimate failure occurred between 0.04 and 0.06 rad drift angles
due to local buckling of the beam flanges and web.

Connections with Higher Resiliency
The development of stricter design guidelines and practices increased fabrication and
erection costs for moment frame connections. Even with these improvements, inelastic
deformations and residual drifts were still expected to occur in welded beam-to-column
connections (Christopoulos et al. 2002). Many of the previously mentioned connections depend
on the failure of the beams to accommodate the inelastic deformations. High replacement costs
are expected for these connections because of their lack of resiliency. Additional connections
have been developed to address the issue of resiliency and cost. Despite their increased
resiliency, many of these connections have not been embraced by the industry. The following
sections will discuss connections that incorporate methods to increase resiliency by avoiding the
beam as a yielding mechanism. The following connections will be discussed: posttensioned
energy dissipating moment-resisting steel connections, posttensioned steel moment connections,
and the sliding hinge joint connections.

2.4.1

Posttensioned Energy Dissipating Moment-Resisting Steel Connections
Posttensioned moment-resisting connections were first developed for precast concrete

construction (Priestley et al. 1999). Cyclic testing of a full-scale five story precast concrete
building demonstrated that these connections had the capacity to allow for small residual drifts.
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For steel moment-resisting frames (MRFs), seat angles are used to dissipate energy and high
strength tendons to provide a self-centering restoring force.
Christopoulos et al. (2002) investigated steel frames with post-tensioning. They evaluated
the seismic performance of a similar connection for steel frames in the form of posttensioned
energy dissipating (PTED) steel frame connections. These connections used high strength
posttensioned steel bars and energy-dissipating (ED) bars. These ED bars were inserted into steel
cylinders to limit buckling and allow the development of stable tensile and compressive inelastic
deformations. Figure 2-9 depicts this PTED steel connection.
The large-scale connection test consisted of aW24×76 beam and a W14×211 column
with two 1-3/4 inch diameter DSI high strength bars. The specimen was subjected to a maximum
interstory drift of 4%. At this drift level, the connection showed little signs of damage and no
residual drift. The ED bars were also able to handle the stresses induced by rotation near the
couplers and did not fracture during the test. No damage was done to the beam and column,
despite the connection undergoing large inelastic deformations.

Figure 2-9: Posttensioned Energy Dissipating Steel Connection Detail (Christopoulos et al.
2002)
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2.4.2

Posttensioned Steel Moment Connections
Posttensioned (PT) steel moment-resisting frames consist of bolted top-and-seat angles

with high strength 7-wire strands running parallel to the beam and anchored outside the
connection. A typical schematic is shown in Figure 2-10. The PT strands and angles use the
compression between the beam and column flanges to resist moments and transverse beam shear
(Garlock et al. 2007).
Garlock et al. (2005) performed experimental tests on six full-scale PT connection
specimens with W36×150 beams and a W14×398 column. Advantages of this system are:
1. Field welding is not required.
2. The connection is made with conventional materials and skills.
3. The connection has an initial stiffness similar to that of a typical welded
connection.
4. The connection is self-centering without residual deformation.
5. The beams and columns remain essentially elastic while inelastic deformation of
the top-and-seat angles provides energy dissipation.
6. The angles are easily replaced.
7. The connection is redundant since the vertical shear is supported by both the angles
and the friction between the beam and the column, and since the connection uses
several PT strands the connection continues to function even if failure of one or
more strands occurs.
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Figure 2-10: Posttensioned Steel Moment-Resisting Frame Detail (Garlock et al. 2007)

The connection initially behaved similarly to a welded moment connection; however, after
decompression, the connection behaved more like a partially restrained connection. The
elasticity of the strands coupled with no significant beam yielding assisted in preserving the
posttensioning force, which allowed the connection to self-center upon unloading.
Half of the specimens achieved 4% story drift. Two of the specimens had failed due to
angle fracturing. The last specimen experienced no failure when the cyclic loading reached 4%
drift. The maximum beam moment at the column face for these specimens ranged from 0.62 to
0.96 times the nominal plastic moment capacity of the beam. The smaller maximum beam
moments are the results of an earlier decompression of the specimens. The other half of the
specimens failed before reaching 4% story drift by either the yielding of the strand or beam local
buckling. When the drift levels of the connection are below 4% drift, the beam and column will
remain elastic while the inelastic deformations will be concentrated in the steel angles. The selfcentering ability of the connection with a lack of damage to the beam and column will allow the
connection to return to its plumb position.
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Posttensioned steel moment connections are not typically used in the industry. These
connections use nonstandard constructions practices that are difficult for engineers to embrace.
The concept of posttensioning is common in precast concrete construction, but is foreign in steel
connections. There is also a risk that the posttensioned strands or rod will lose strength when
drift cycles go beyond 0.04 rad.

2.4.3

Sliding Hinge Joint Connections
A moment frame connection design, called the Sliding Hinge Joint (SHJ), was developed

as a low damage connection that had the capacity to undergo large inelastic rotations. A point of
rotation is created by pinning the top corner of the beam to the column through a top flange
plate. Asymmetric friction connections (AFCs) are situated in the bottom web and bottom flange
bolt groups. They are designed to slide only under design level earthquake (DLE) loadings and
return to rigidity at the end of the earthquake and under normal serviceability events. When
sliding, the SHJ loses elastic strength and stiffness, which may cause residual drifts to a building
frame following a major earthquake (Khoo et al. 2012). Figure 2-11 shows a typical SHJ
connection detail.

Figure 2-11: Typical SHJ Connection Detail (Khoo et al. 2012)
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Khoo et al. (2012) discussed some of the advantages that SHJ has over a traditional welded
joints as follows:
1. Decoupled joint strength and stiffness allow the use of smaller joint overstrength
factors and smaller column sizes.
2. Ease of repair following an earthquake as any significant inelastic demand is
confined to the bolts.
3. Improved dynamic re-centering ability.
4. Lower cost.
A self-centering version of the SHJ (also known as SCSHJ) was also experimentally
investigated by Khoo et al. (2012). The SCSHJ combines the energy dissipation of the SHJ and
the self-centering properties of ring springs. This kind of connection was originally proposed by
Clifton (2005), but was never physically tested. Ring springs are friction damping springs that
deform through sliding. When they experience sliding, 66% of the energy is dissipated through
friction. They also have “high load capacities, characteristics independent of loading rate, and are
maintenance free” (Khoo et al. 2012). SCSHJ uses the characteristics and behaviors of both the
SHJ and ring springs. The idealized hysteretic behavior of the SCSHJ indicates that the
connection provides the best drift control and self-centering capabilities. Full static flag-shaped
hysteretic behavior indicate that residual drifts can be reduced or eliminated completely. This
kind of behavior can be seen in Figure 2-12.
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Figure 2-12: Idealized Moment-Rotational Behavior (Khoo et al. 2012)

The mean peak inter-story and residual inter-story drift demands were well below both
damage thresholds. The ring spring allowed for a more fluid path during re-centering, which
induced the flag-shaped moment-rotational behavior curve. There was also an improved behavior
in residual joint strength.
Like the posttensioned steel moment connections, sliding hinge joint moment connections
have not been embraced by the industry. In addition to its nonstandard construction practices, the
connection’s dependence on friction as the energy dissipation mechanism poses concerns with
the connection’s reliability. If the connection was installed when greasy, the AFCs may cause too
much sliding. On the other hand, too much friction in the AFCs may create “lock-up” that could
result in premature damage to the connection.

Chapter Summary
Welded steel moment connections were common connections used before the 1994
Northridge Earthquake. Some of these moment connections experienced brittle failure during the
1994 Northridge Earthquake because of their inability to accommodate inelastic deformations.
Studies showed that a balance of strength, stiffness, and ductility can be controlled by a balance
between yield mechanisms and failure mode resistances. Seismic connections were investigated
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for their abilities to accommodate high inelastic deformations while maintaining their reliability
and cost-effectiveness. In addition to WSMF connections, WUFB connections were also
evaluated. The ductility and strength of the pre-Northridge WUFB connections were assumed to
be larger than that of the column panel zone or the beam plastic moment capacity. These
assumptions were proven wrong when brittle failures occurred during the Northridge earthquake.
There were a few notable post-Northridge connections that have been studied. One of these
connections was the RBS moment connection. This connection creates a yield mechanism by
forming a plastic hinge in the reduced section of a beam. Although this connection is effective
and widely used, it requires high replacement costs as the entire beam must be replaced if
subjected to a severe earthquake.
Another notable connection is the bolted flange plate moment connection. These
connections are designed specifically to accommodate inelastic rotations in the flange plates or
in the girder. The elimination of field welding brings significant economic benefits to this
connection. Studies have shown that the bolted flange plate connection has the ability to achieve
higher interstory drifts because yielding in the beam occurs later than typical welded moment
connections. Inelastic deformation energy is first dissipated through bolt slip and then by beam
yielding.
The SidePlate moment connection focused on eliminating any possibilities of brittle
failures by creating a physical separation between the beam and column through the means of
sideplates and loading the fillet welds longitudinally in shear. Experimental testing showed that
the connection was able to sustain multiple inelastic drift rotations without sustaining damage to
the connection welds, plates, and columns and without any reduction to the connection’s
strength.
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The following connections were also discussed in this literature review as part of the PostNorthridge connections: welded unreinforced moment connections, plate-reinforced moment
connections, and extended end-plate moment connections.
Although there was an increase in inelastic deformation for many of these post-Northridge
moment connections, they continued to lack in connection resiliency. Most connections use the
yielding of the beam as their yield mechanism, which can potentially result in high
repair/replacement costs if subjected to a severe earthquake. Connections such as the
posttensioned steel moment-resisting and the sliding hinge joint connections are designed to
accommodate inelastic deformations while maintaining high resiliency. However, these
connections have not been in used in practice due to their nonstandard practices and uncertainty
in their reliability.

28

3

TESTING PROGRAM

Introduction
Previous research has indicated that moment connections have the capacity to
accommodate large inelastic by using the beam as the yielding mechanism. This, however,
sacrifices resiliency as the SMF would not be reusable after experiencing a severe earthquake.
Connections that offer resiliency by focusing deformations to structural fuses within the
connection rather than the beam have been developed; however, they have not been used in
practice. The research presented in this thesis investigates the effectiveness of the RSF
connection, which uses shear-yielding plates as the structural fuses. The following chapter
illustrates the testing details that were implemented in the specimen tests.

Specimens
Seven one-sided replaceable shear fuse moment connections were tested at Brigham
Young University. All test specimens were exterior sub-assemblages consisting of one column
with one beam attached to the column with an RSF connection. The same beam (W14×38),
column (W14×48), cover plates, and bars were used for six tests, but various plates in the RSF
connection were changed for the seven tests. A different beam of the same size was used in the
last test, but all other components remained the same.
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Connection Details
Figure 3-1 through Figure 3-9 show the dimensions for the fuse plate specimens. Table 3-1
shows the different parameters used in each fuse plate specimen. Figure 3-10 shows the column
assembly with weld sizes, plate dimensions, and overall dimensions indicated. Figure 3-11
shows the beam and indicates overall length and the locations of bolt holes.
Table 3-1: Parameters for Various Specimens
Specimen
A1.3
A1.4
A1.5
A1.4.5
A1.6.5
A1.16
A1.6b

a

Fuse CrossSection
(in. x in.)

No. of Fuses Fuse Area
Fuse
Per Side of Per Side
Width (in.)
Fuse Plate
(in.2)

Loading
Protocol

Cut-Out Style

0.5×3

2

3

2.25

Standard

Fillet

0.5×4

2

4

2.25

Standard

Fillet

0.5×5

2

5

2.25

Standard

Hourglass

0.5×4.5

2

4.5

2.25

Standard

Hourglass

0.5×6.5

2

6.5

2.25

Standard

Hourglass

0.5×16

None

NA

NA

Standard

NA

2

6

2.25

Standard

Fillet

0.5×6

a. All specimens used the same W14×48 beam and W14×38 column, unless otherwise noted.
b. This specimen used a new W14×48 beam.

Figure 3-1: Fuse Plate General Dimensions for 1/2" Radius Fillet Rectangle Cutouts
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Figure 3-2: Fuse Plate General Dimensions for Hourglass Cutouts

Note: See Figure 3-1 for General Dimensions
Figure 3-3: Dimensions for Top and Bottom Plates of Specimen A1.3

Note: See Figure 3-1 for General Dimensions
Figure 3-4: Dimensions for Top and Bottom Plates of Specimen A1.4
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Note: See Figure 3-2 for General Dimensions
Figure 3-5: Dimensions for Top and Bottom Plates of Specimen A1.5

(a) Top Plate (East Side)

(b) Bottom Plate (West Side)

Note: See Figure 3-2 for General Dimensions
Figure 3-6: Dimensions for Top and Bottom Plates of Specimen A1.4.5

(a) Top Plate (East Side)

(b) Bottom Plate (West Side)

Note: See Figure 3-2 for General Dimensions
Figure 3-7: Dimensions for Top and Bottom Plates of Specimen A1.6.5
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Note: See Figure 3-1 for General Dimensions
Figure 3-8: Dimensions for Top and Bottom Plates of Specimen A1.16

Note: See Figure 3-1 for General Dimensions
Figure 3-9: Dimensions for Top and Bottom Plates of Specimen A1.6
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Figure 3-10: Column Assembly Connection Detail
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Figure 3-11: Beam Assembly Connection Detail
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Material Properties
Tensile tests were conducted with specimens from the beam and column to verify the
properties after the conclusion of the tests. The beam and column had three specimens extracted
in the shape of “dogbone”, or also known as test coupons, for a total of six test specimens. Four
total samples (samples 1, 2, 4, and 5) were extracted from the flanges of the beam and column
and two total samples (samples 3 and 6) were extracted from the webs of the beam and column.
Portions of the web and flanges were first plasma cut from the locations shown in Figure 3-12.
The test specimens were then computer numerical controlled (CNC) milled from the bigger
pieces. The material properties that were concluded from these tests are summarized in Table 3-2
and the resulting stress-strain plots are presented in Figure 3-13 and Figure 3-14. The specimens
from the beam flanges had an average yield stress of about 47.6 ksi, whereas the yield stress of
the specimen from the beam web was about 62 ksi. The average tensile stress for the beam
flanges was just above 60 ksi, whereas the tensile stress for the beam web was about 78 ksi. The
specimens from the column flanges had an average yield stress of about 50 ksi, whereas the yield
stress of the column web specimen was about 56 ksi. The average tensile stress for the column
flanges was about 67 ksi, whereas the tensile stress for the column web was about 71 ksi. The
yield stress for the beam and column was typical for an A992 grade (Fy = 50 ksi), but the tensile
stress was quite a bit higher than what is typical (Fu = 65 ksi).
Yield stresses in the web are typically higher than in the flanges. The yield stresses in the
web can be 5 to 30% higher than the yield stresses in the flanges (Tall and Alpsten 1969). The
thinner web thickness will cool faster than the flanges which result in higher yield stresses in the
web. Tensile tests with specimens from the beam and column used for the RSF moment
connection tests indicated that the yield stresses in the web are higher than in the flanges. The
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yield stress in the beam web was about 26% higher than the yield stress in the beam flanges. The
yield stress in the column web was about 12% higher than the yield stress in the column flanges.
The difference in yield stresses fit within the typical range. It may be possible that the thin beam
web portion may have been affected by the heat from the plasma cutting that resulted in a higher
yield stress.
The A572 Gr. 50 plates for the various specimens were laser cut from the same metal
sheet. Table 3-3 includes material properties for the plates as determined from two coupon test
specimens. The stress-strain plots are shown in Figure 3-15. The average yield and tensile
stresses for the plate specimens were about 60 ksi and 70 ksi, respectively. These values were
slightly higher than typical values for the steel grade (Fy = 50 ksi, Fu = 65 ksi). There was also an
abnormal change in slope in the elastic part of the stress-strain plot for both specimens. The
displacement data used to calculate the strain of the specimens were taken directly from the
universal testing machine (UTM) rather than from an extensometer. There may have been a shift
in the machine as the tensile tests were being performed, resulting in an abnormal shift in the
elastic region of the stress-strain curves.

Figure 3-12: Locations of Beam and Column Test Specimens
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Table 3-2: Material Properties of Beam and Column
Component Sample Element
Beam

Column

Fy (ksi)

Fu (ksi)

Fy/Fu

Elong. (%)

1

Flange

49.0

63.7

0.77

13

2

Flange

46.2

59.8

0.77

10

3

Web

62.0

77.5

0.80

12

4

Flange

49.8

66.1

0.75

12

5

Flange

51.9

67.1

0.77

13

6

Web

56.4

70.8

0.80

13

Figure 3-13: Stress-Strain Plots for Beam Test Specimens
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Figure 3-14: Stress-Strain Plots for Column Test Specimens

Table 3-3: Material Properties of Fuse Plates
Specimen

Yield Strength (ksi)

Tensile Strength (ksi)

Elong. (%)

Test Coupon 1

60.1

70.2

9.76

Test Coupon 2

60.1

70.0

9.76

39

Figure 3-15: Stress-Strain Plots for Fuse Plate Test Coupons
Fabrication
The beams and column were fabricated by CLA.co in Orem, Utah, while Critical Laser in
Lindon, Utah fabricated the various fuse plates and test coupons used in this research. The bolt
holes in the top plates and the fuse plates were laser cut. The bolt holes in the beam flanges and
web, and in the bars, were drilled per typical practice; however, since no inelastic response was
expected in those regions, the hole-making method had minimal relevance.

Test Setup
An overview of the test set-up is shown in Figure 3-16. The specimens were tested with the
column in a horizontal position and the beam cantilevering up. To simulate inflection points, the
ends of the columns were mounted on short sections of W8×48 positioned to experience weakaxis bending. A corbel was bolted to the “free” end of the beam and attached to one end of a
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servo-controlled actuator. The other end of the actuator was mounted to a miscellaneous steel
piece, used in previous research tests, that was bolted to a single reaction frame. Figure 3-17
through Figure 3-20 shows the general set-up of the research testing equipment.
Lateral restraint of the beam was provided at the actuator elevation at about 11.5 ft above
the laboratory floor. The lateral restraint system plan can be seen in Figure 3-21 and is also
shown in Figure 3-22 and Figure 3-23. The corbel at the end of the beam had a collar on the side
with a guide rail passing through (Figure 3-23). The guide rail was mounted on two telescoping
arms that were attached to the lateral restraint frame. The guide rail and corbel collar were
greased prior to testing to minimize friction at the interface. There was about a 3/8-inch gap on
the sides of the rail prior to testing, permitting a small amount of lateral deflection before the
lateral restraint was engaged.

Loading History
A version of the loading sequence in AISC 341-16 §K2.4b (American Institute of Steel
Construction 2012) was used for all tests. The actuator displacements used for testing are shown
in Table 3-4. The specified loading was 6 cycles at 0.0075 rad, 4 cycles at 0.01 rad, 2 cycles at
0.015 rad, 2 cycles at 0.02 rad, 2 cycles at 0.03 rad, 2 cycles at 0.04 rad, and 2 additional cycles
at each additional 0.01 rad increments up to failure (Table 3-4). The displacement corresponding
to each specified drift level was calculated by multiplying the target rotation by the distance from
the column centerline to the actuator line of action (121.5 inches). Some additional displacement
was added to each increment to account for flexibility in the reaction frame.
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Figure 3-16: Elevation View of Test Set-up (Lateral Restraint Frame Not Shown)
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Figure 3-17: Northeast Corner of Test Set-Up

Figure 3-18: Northwest Corner of Test Set-Up
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Figure 3-19: Column End Connection of Test Set-Up

Figure 3-20: Column End Connection of Test Set-Up
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Figure 3-21: Lateral Restraint Frame Plan View
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Figure 3-22: View of Lateral Restraint Rail and Set-Up
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Arm
Rail

Collar

Arm

Figure 3-23: Close-Up View of Lateral Restraint Collar and Rail
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Table 3-4: Actuator Displacements for Cyclic Loading with Standard Protocol
No. Cycles

Rot (rad)

6
4
2
2
2
2
2
2
2
2
2
2

0.0075
0.01
0.015
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10

A1.3
0.98
1.30
1.96
2.60
3.81
5.02
6.23
7.44
8.65
-

A1.4
1.05
1.40
2.03
2.64
3.86
5.10
6.31
7.52
8.73
-

Actuator Displacement (in)
A1.5
A1.6
A1.4.5
1.09
1.10
1.05
1.45
1.46
1.40
2.10
2.12
2.03
2.72
2.77
2.64
3.95
4.05
3.86
5.17
5.30
5.10
6.38
6.53
6.31
7.59
7.74
7.52
8.80
8.95
10.01
10.16
11.37
12.58
-

A1.6.5
1.20
1.56
2.19
2.81
4.03
5.25
6.47
7.68
8.89
10.10
11.31
-

A16
1.10
1.46
2.12
2.77
4.05
5.30
6.53
7.74
8.95
10.16
11.37
-

Instrumentation
String potentiometers (pots) were used to measure displacements at particular locations
throughout testing. Figure 3-24 shows the locations of the string pots that monitored the overall
specimen. Several of the string pots monitored locations where displacements were expected to
be negligible, including some on the reaction frame (not shown in Figure 3-24). There were no
string pots that monitored panel zone deformation and plate slipping. No strain gages were used
in these tests at this time.

Data Reduction
This section introduces the equations used to determine the moment at the column face, the
story drift angle, and plastic rotation. These values were used to plot the hysteretic responses for
each specimen test. Also introduced in this section is the equation used to determine the
maximum theoretical bolt slip that may have occurred during the tests.
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Figure 3-24: String Potentiometer Locations to Measure Global and Rigid Body Displacements
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3.9.1

Moment at the Column Face
The moment at column face, Mf, was calculated by multiplying the applied load, P, by

distance from the column face to the actuator line of action, Lf as outlined in Equation 3-1:
(3-1)

𝑀𝑀𝑓𝑓 = 𝑃𝑃𝐿𝐿𝑓𝑓

For this series of tests, the distance from the column centerline to the actuator line of action was
121.5 inches. (Figure 3-16), and half of the column depth was 6.9 inches., so Lf = 121.5 in.- 6.9
in. = 114.6 inches.

3.9.2

Story Drift Angle
The beam tip displacement, δtotal, was determined by taking the displacement measured by

string pot SP4001 (Figure 3-24), δ4001, and removing the effects of rigid body rotation of the
specimen, δrb as outlined in Equation 3-2:
(3-2)

𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛿𝛿4001 − 𝛿𝛿𝑟𝑟𝑟𝑟

The rigid body displacement at the beam tip was calculated as shown in Equation 3-3:

where:

𝛿𝛿𝑟𝑟𝑟𝑟 =

(𝛿𝛿51 −𝛿𝛿43 )
𝐿𝐿𝑐𝑐

(3-3)

𝐿𝐿𝑎𝑎

δ51 is the displacement measured by string pot 51 (Figure 3-24)
δ43 is the displacement measured by string pot 43 (Figure 3-24)
Lc is the horizontal distance between string pots 51 and 43 (138.9 in.), and
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La is the vertical distance from the column centerline to the string pot 4001 and the
actuator line of action (121.5 in.).
The story drift angle was calculated by dividing the beam tip displacement, δtotal, by the distance
from the actuator line of action to the column centerline, La as shown in Equation 3-4:
(3-4)

𝜃𝜃 = 𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⁄𝐿𝐿𝑎𝑎
3.9.3

Plastic Rotation
The plastic component of the beam tip displacement was computed by subtracting the

elastic displacement from the total displacement as shown in Equation 3-5:
𝛿𝛿𝑝𝑝 = 𝛿𝛿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −

where:

𝑃𝑃

(3-5)

𝐾𝐾

P is the applied load (kips)
K is the elastic stiffness determined by the first two initial low-amplitude test cycles (k/in).
The total plastic rotation, θp, of the specimen was calculated by dividing the plastic component
of the beam tip displacement, δp, by the distance from the column centerline to the actuator line
of action as shown in Equation 3-6:
(3-6)

𝜃𝜃𝑝𝑝 = 𝛿𝛿𝑝𝑝 ⁄𝐿𝐿𝑎𝑎
3.9.4

Maximum Theoretical Bolt Slip Plastic Rotation
No string pots were used to measure the actual bolt slip that occurred during each

specimen. For these tests, bolt slip was estimated by observing movement by the bottom fuse
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plate and analyzing the hysteretic plots. The maximum theoretical bolt slip was calculated as
shown in Equation 3-7:
(3-7)

𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �

where:

dplate is the diameter of the oversized bolt hole of the fuse plate (1-1/4 in.)
dbolt is the diameter of the bolt (1 in.)
For all specimens, δmaxbolt = 0.25 in.
The total theoretical plastic rotation that resulted from bolt slip was calculated by dividing the
sum of the top and bottom bolt slip displacement by the depth of the beam as shown in Equation
3-8. Both the top and bottom bolt slip displacements would be the maximum theoretical bolt slip,
δmaxbolt.
(3-8)

𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ⁄𝑑𝑑𝑏𝑏

where:

δmaxbolt was the maximum theoretical bolt slip (0.25 in.)
db was the depth of the beam (14.1 in.)
For all specimens, θmaxbolt = 0.035 rad.

Chapter Summary
Connection details used for the seven specimen tests were presented in this chapter. The
test set-up with the lateral restraint plan were also introduced. A plan depicting the locations of
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the string pots that would measure displacements during the tests was also shown. No strain
gages were used for these particular tests. Equations that were used to find the moment at the
column face, story drift angle, and plastic rotation. These values will be used to plot hysteretic
responses for each test specimen that will be presented and discussed in the following chapters.
Equations were derived to find the maximum theoretical bolt slip and the resulting total
theoretical plastic rotation. Because there were no string pots measuring movement in the fuse
plates, visual observation was used instead to indicate the first signs of bolt slip. These
observations will be noted in the following chapter.
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4

TEST RESULTS

Introduction
The results of the seven beam-to-column specimen tests are presented in this chapter. For
each specimen test, a different set of top and bottom plates were used. The specific type of plates
is described for each specimen. The observed and recorded performances are accompanied with
pictorial descriptions of the plates during and after the test for each specimen. The fuse plates
shown are the bottom plates located on the west side of the connection tests (see Figure 3-16 for
locations of the west and east bars). Hysteretic response plots, which describe the energy
dissipation in the SMF system, are included for each specimen. The results for these tests will
not be discussed until the next chapter.

Specimen A1.3

4.2.1

General
Specimen A1.3 was tested on Nov 8, 2016. The key feature of this specimen was two shear

fuse plates with yielding regions on each side that were 3 inches long as shown in Figure 3-3.
The shear fuse plates had rounded edge rectangular shaped cut outs that were 1.25 inches wide.
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4.2.2

Observed Performance
Specimen A1.3 remained elastic through the 0.0075 rad cycles. During the 0.01 rad cycles,

mill scale flaking indicated the first yielding of the fuse plate. The yielding started in the middle
of the shear region located between the top and bottom cut outs. During the 0.015 and 0.02 rad
cycles, the yielding propagated outwards within the shear region in a rectangular shape as shown
in Figure 4-1(a).
Yielding also started during the 0.015 rad cycles in the thin portions of the steel located at
the corners of the cut outs at the top and bottom of the fuse plates. The yielding began at the
corners and spread in a diagonal line to the end of the plates. Rhythmic clicking began during the
0.02 and 0.03 rad cycles indicating some bolt slip was beginning to occur. Also, during the same
cycles, the yielding seemed to be concentrated on the shear regions away from the beam. Plastic
deformation of these areas became more prevalent as shown in Figure 4-1(a).
Tearing began during the 0.04 and 0.05 rad cycles in the thin portions of the fuse plate and
from the corners of the cut outs towards the nearest bolt hole as shown in Figure 4-1(b). A bang
was heard during the 0.04 rad cycles indicating the first major bolt slip. For the remainder of the
test, additional clicking sounds were heard during the positive excursion of most cycles. The test
was paused during the second 0.05 rad cycle to grease the rail used as lateral restraint.
Specimen A1.3 completed one and a half cycles at 0.07 rad. At the beginning of the second
0.07 rad cycle, the east side fuse plate fractured completely, whereas the fuse plate on the west
side showed no signs of fracture as shown in Figure 4-1(d) (see Figure 3-16 for locations of the
west and east bars). Testing was stopped to prevent further damage to the bars, so that additional
tests could be performed with the same column assembly and beam.
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Figure 4-2 and Figure 4-3 show the top and bottom fuse plates after testing. After the fuse
plates were removed from the connection, the bars appeared to be permanently deformed with
slight tearing at the welds as Figure 4-4 and Figure 4-5 show. This deformation affected the rest
of the specimens as additional stresses were introduced in the fuse plates to straighten the bars.

(a) 2%

(b) 4%

Image Unavailable

(c) 6%

Image Unavailable

(d) 7%

Figure 4-1: Specimen A1.3 at First Cycle of Indicated Drift Levels
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Figure 4-2: Specimen A1.3 Fuse Plate (Top) After Testing

Figure 4-3: Specimen A1.3 Fuse Plate (Bottom) After Testing
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Figure 4-4: Deformation of East Bars After Testing Specimen A1.3

Figure 4-5: Deformation of West Bars After Testing Specimen A1.3
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4.2.3

Recorded Response
A displacement history plot for Specimen A1.3 is shown in Figure 4-6. A plot of the load

versus the beam deflection is shown in Figure 4-7. A plot of the moment at the column face
versus the interstory drift angle in radians is shown in Figure 4-8. On the right axis, the moment
at the column face is normalized by the nominal plastic moment (Mp) of the beam. Horizontal
dashed lines, representing the strength degradation threshold, were added at 0.8Mp. Vertical
dashed lines were also added at 0.04 rad drift. These dashed lines represent the minimum story
drift that determines the adequacy of the connection. Figure 4-9 shows the moment at the column
face versus the total inelastic rotation.

Figure 4-6: Specimen A1.3 Displacement History
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Figure 4-7: Specimen A1.3 Load versus Beam Deflection

Figure 4-8: Specimen A1.3 Moment versus Drift
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Figure 4-9: Specimen A1.3 Moment versus Total Plastic Rotation

Specimen A1.4

4.3.1

General
New fuse plates were installed for Specimen A1.4. The fuse plate for Specimen A1.4

differed from Specimen A1.3 in that the two yielding regions on each side of the fuse plate were
each 4.0 inches long as shown previously in Figure 3-4. The width and shape of the cut outs
remained the same as Specimen A1.3. Specimen A1.4 was tested on November 11, 2016.

4.3.2

Observed Performance
Specimen A1.4 remained elastic through the 0.0075 rad cycles. Mill scale flaking began

during the 0.01 rad cycles, which indicated the first major yielding of the fuse plate. This flaking
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began in the middle of the shear regions and propagated in a rectangular shape during the 0.015
rad cycles. Also, during the 0.015 rad cycles, there were some slight mill flaking in the thin
portions of the steel located at the corners of the cut outs at the top and bottom of the fuse plate.
The first indication of major yielding in these regions were observed during the 0.02 rad cycles
as shown in Figure 4-10(a).
Yielding progressed through the larger cycles and began to become more prevalent during
the 0.02, 0.03, and 0.04 rad cycles as shown in Figure 4-10(b). Clicking sounds that began during
the end of the 0.03 rad cycles indicated the occurrence of minor bolt slip. These clicking sounds
became more rhythmic and increased in frequency during the 0.04 rad cycles and continued
through the 0.05 rad cycles. Occasionally, there would be a loud bang sound during the 0.05 rad
cycles. Audible bolt slip would occur only during the positive excursions of each cycle.
Tearing of the fuse plate began during the 0.05 rad cycles and became more noticeable
towards the end of the 0.06 rad cycles as shown in Figure 4-10(c). The tear started at some
corners of the cut outs and propagated diagonally towards the nearest bolt hole.
Specimen A1.4 completed one complete cycle at 0.07 rad. During the 0.07 rad cycles, both
fuse plates tore into the bolt holes as shown in Figure 4-10(d). The test was stopped once these
tears were noticed. Figure 4-11 and Figure 4-12 show the fuse plates after testing.

4.3.3

Recorded Response
A displacement history plot for Specimen A1.4 is shown in Figure 4-13. A plot of the load

versus the beam deflection is shown in Figure 4-14. A plot of the moment at the column face
versus the interstory drift angle in radians is shown in Figure 4-15. This plot is similar to Figure
4-8. Figure 4-16 shows the moment at the column face versus the total inelastic rotation.
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(a) 2%

(b) 4%

(c) 6%

(d) 7%

Figure 4-10: Specimen A1.4 at First Cycle of Indicated Drift Levels
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Figure 4-11: Specimen A1.4 Fuse Plate (Top) After Testing

Figure 4-12: Specimen A1.4 Fuse Plate (Bottom) After Testing
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Figure 4-13: Specimen A1.4 Displacement History

Figure 4-14: Specimen A1.4 Load versus Beam Deflection
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Figure 4-15: Specimen A1.4 Moment versus Drift

Figure 4-16: Specimen A1.4 Moment versus Total Plastic Rotation
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Specimen A1.5

4.4.1

General
Specimen A1.5 had two new fuse plates with shear regions that were 5 inches long as

shown previously in Figure 3-5. The key difference with this test from Specimens A1.3 and A1.4
was the shape of the cut outs. Specimen A1.5 used hour glass shaped cut outs that were 1.25
inches wide. The test was performed on November 14, 2016.

4.4.2

Observed Performance
Specimen A1.5 remained elastic through the 0.0075 and 0.01 rad cycles. Mill scale flaking

began at the end of the 0.01 rad cycles. Major mill scale flaking occurred during the 0.015 rad
cycles which indicated the first yielding of the fuse plates. The yielding started in the middle of
the shear regions, in the thin portions of the steel located at the corners of the cut outs at the top
and bottom of the fuse plates, and at the corners of the tapered section of each hour glass cut out.
Loud banging sounds, which were more severe than previous tests, occurred during the 0.015 rad
cycles, indicating the first sign of bolt slip.
Yielding progressed further throughout the 0.02 and 0.03 rad cycles as shown in Figure
4-17(a). The yielding located in the middle of the shear regions extended in a rectangular shape
until it reached the hour glass cut outs. Other yielding locations also grew. The loud bang sounds
increased in frequency throughout the 0.02 and 0.03 rad cycles. These banging sounds continued
to be present till the end of the test. Plastic deformation continued to progress through the fuse
plates during the 0.04 and 0.05 rad cycles as shown in Figure 4-17(b).
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Tearing began in the inside corners of the hourglass cut outs during the 0.06 rad cycles as
shown in Figure 4-17(c). These tears propagated towards the inside of the bolts during the 0.07
and 0.08 rad cycles as shown in Figure 4-17(d). The test was stopped after the half of the second
cycle began at 0.08 rad cycle when the two top thin portions and one side of the shear region of
the east side fuse plate were fractured. Figure 4-18 and Figure 4-19 show the fuse plates after
testing.

(a) 2%

(b) 4%

(c) 6%

(d) 8%

Figure 4-17: Specimen A1.5 at First Cycle of Indicated Drift Levels
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Figure 4-18: Specimen A1.5 Fuse Plate (Top) After Testing

Figure 4-19: Specimen A1.5 Fuse Plate (Bottom) After Testing
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Figure 4-20: Specimen A1.5 Displacement History

Figure 4-21: Specimen A1.5 Load versus Beam Deflection
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Figure 4-22: Specimen A1.5 Moment versus Drift

Figure 4-23: Specimen A1.5 Moment versus Total Plastic Rotation
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Specimen A1.4.5

4.5.1

General
Specimen A1.4.5 had two new fuse plates. The fuse plate that acted as the top plate did not

have cut outs that had created shear regions in fuse plates used in previous tests. The fuse plate
acting as the bottom plate of the connection had a shear region of 4 inches with hourglass cutouts
as shown previously in Figure 3-6. The purpose of the test was to evaluate the performance of a
connection with one fuse plate. This type of configuration would ensure that only the bottom
fuse plate would need to be replaced in the event of seismic activity. The test was performed on
November 17, 2016.

4.5.2

Observed Performance
Specimen A1.4.5 remained elastic throughout the 0.0075 rad cycles. Mill scale flaking

began at the beginning of the 0.01 rad cycles. This indicated the first yielding of the fuse plate.
The yielding started in the middle of the shear region as vertical lines. At the same time, there
was also some mill scale flaking that started in the thin portions of the steel located at the corners
of the cut outs at the top and bottom of the fuse plate.
Yielding progressed further throughout the 0.015 and 0.02 rad cycles as shown in Figure
4-24(a). The mill scale flaking that began in the middle of the shear regions during the 0.01 rad
cycles extended in an oval shape. A loud bang sound was heard during the positive excursions of
each cycle at 0.015 rad indicated that some bolt slip had occurred. This continued through the
0.02 rad and 0.03 rad cycles as shown in Figure 4-24(a). The thin portions of the fuse plate
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experienced more plastic deformation during the 0.03 rad cycles, especially in the corners
touching the beam.
The corners of the hourglass cutouts on the right began tearing during the 0.04 rad cycles
as shown in Figure 4-24(b). The tearing continued to slowly propagate throughout the 0.05 rad
cycles. Clicking sounds followed by a loud bang sound was prominent during the 0.04 and 0.05
rad cycles. The frequency of the loud bang sounds increased dramatically through to the end of
the test.
Specimen A1.4.5 completed one complete cycle at 0.06 rad. During the first 0.06 rad cycle,
the tearing that started at the inside corners of the hourglass cutout on the left propagated quickly
through the shear region until it fractured completely as shown in Figure 4-24(c). The test was
stopped after the fractured occurred. Figure 4-25 and Figure 4-26 show the fuse plates after the
test.

4.5.3

Recorded Response
A displacement history plot for Specimen A1.4.5 is shown in Figure 4-27. A plot of the

load versus the beam deflection is shown in Figure 4-28. A plot of the moment at the column
face versus the interstory drift angle in radians is shown in Figure 4-29. This plot is similar to
Figure 4-8. Figure 4-30 shows the moment at the column face versus the total inelastic rotation.
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(a) 2%

(b) 4%

(c) 6%

Figure 4-24: Specimen A1.4.5 at First Cycle of Indicated Drift Levels
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Figure 4-25: Specimen A1.4.5 Fuse Plate (Bottom) After Testing

Figure 4-26: Specimen A1.4.5 Fuse Plate (Bottom) After Testing
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Figure 4-27: Specimen A1.4.5 Displacement History

Figure 4-28: Specimen A1.4.5 Load versus Beam Deflection
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Figure 4-29: Specimen A1.4.5 Moment versus Drift

Figure 4-30: Specimen A1.4.5 Moment versus Total Plastic Rotation
77

Specimen A1.6.5

4.6.1

General
Specimen A1.6.5 had a new fuse plate that was similar to the one used for Specimen

A1.4.5. Specimen A1.6.5 had a shear region that was 6 inches long as shown previously in
Figure 3-7. The top plates were the same as those used for A1.4.5. The purpose of the test was to
evaluate the performance of a fuse plate with a longer shear region. The test was performed on
November 12, 2016.

4.6.2

Observed Performance
Figure 4-31 and Figure 4-32 show the fuse plates after the test for Specimen A1.6.5.

Specimen A1.6.5 remained elastic throughout the 0.0075 rad cycles. During the 0.01 rad cycles,
there were some minor mill scale flaking that started in the thin portions of the steel located at
the corners of the cut outs at the top and bottom of the fuse plate. One to two loud bang sounds
were heard during each excursion of 0.01 rad cycles. This signified the start of major bolt slip.
Major mill scale flaking started in the middle of the shear regions in vertical lines during the
0.015 rad cycles. Yielding also started at the corners of the tapered section of each hourglass cut
out. All of this indicated the first yielding of the fuse plate. The frequency of the loud bang
sounds increased during the 0.015 rad cycles and occurred every couple of seconds when the
excursion of the cycle was moving towards the fuse plate.
Yielding progressed through the 0.02, 0.03, and 0.04 rad cycles as shown in Figure 4-33(ab). The yielding in the middle of the shear regions propagated in a rectangular like shape, while
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the yielding at the corners of the tapered section of the cutouts extended diagonally towards the
nearest bolt.
Plastic deformation of the fuse plate began to be prominent during the 0.05 rad cycles. The
middle portion of the fuse plate moved with the beam which caused a yielding concentration
along the line of bolts on the outside of the fuse plate as shown in Figure 4-33(c-d). Major bolt
slip continued to increase in frequency and intensity as the rad cycles increased in size.
Specimen A1.6.5 completed one and a half cycle at 0.09 rad before the test was stopped
due to some out-of-plane movement. The fuse plate had tears in the shear regions and the thin
portions of the cutouts, but there were no signs of complete fractures or tears in the fuse plate as
shown in Figure 4-33(e).

Figure 4-31: Specimen A1.6.5 Fuse Plate (Bottom) After Testing
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Figure 4-32: Specimen A1.6.5 Fuse Plate (Bottom) After Testing

4.6.3

Recorded Response
A displacement history plot for Specimen A1.6.5 is shown in Figure 4-34. A plot of the

load versus the beam deflection is shown in Figure 4-35. A plot of the moment at the column
face versus the interstory drift angle in radians is shown in Figure 4-36. This plot is similar to
Figure 4-15. Figure 4-37 shows the moment at the column face versus the total inelastic rotation.
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(a) 2%

(b) 4%

(c) 6%

Image Unavailable

(d) 8%

Image Unavailable

(e) 9%

Image Unavailable

Figure 4-33: Specimen A1.6.5 at First Cycle of Indicated Drift Levels
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Figure 4-34: Specimen A1.6.5 Displacement History

Figure 4-35: Specimen A1.6.5 Load versus Beam Deflection
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Figure 4-36: Specimen A1.6.5 Moment versus Drift

Figure 4-37: Specimen A1.6.5 Moment versus Total Plastic Rotation
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Specimen A1.16

4.7.1

General
Specimen A1.16 had fuse plates with no shear regions and cutout shapes as shown

previously in Figure 3-8. The purpose of the test was to evaluate the ductility of the beam if the
fuse plates had no shear regions. The test was performed on November 29, 2016.

4.7.2

Observed Performance
Figure 4-38 and Figure 4-39 show the plates after testing Specimen A1.16. The plates for

Specimen A1.16 remained elastic for the entirety of the test. Lateral movement of the beam
began during the 0.02 rad cycles and drastically increased as the test continued as shown in
Figure 4-40(a). The test was paused during the 0.04 rad cycles for the removal of the rail. This
allowed for more lateral movement to occur during the test. The plates remained essentially
unchanged during the 0.04 and 0.06 rad cycles as shown in Figure 4-40(b-c). Mill scale flaking
of the beam just above the connection experienced mill scale flaking during the 0.07 rad cycles.
This indicated that the beam had yielded. The beam continued to plastically deform until it
started to twist just above the fuse plates during the 0.08 rad cycles as shown in Figure 4-40(d).
Popping sounds started almost immediately as the test began indicating that bolt slip had
started. These popping sounds increased in frequency and intensity with each rad cycle. There
was an increase in bolt slip most likely due to a stiffer fuse plate.
Specimen A1.16 completed two complete cycles at 0.10 rad. The test was stopped after the
beam had experienced significant torsion and was causing large out-of-plane displacement of the
beam-column assembly as shown in Figure 4-40(e).
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Figure 4-38: Specimen A1.16 Fuse Plate (Top) After Testing

Figure 4-39: Specimen A1.16 Fuse Plate (Bottom) After Testing
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(a) 2%

(b) 4%

(c) 6%

(d) 8%

(e) 10%

Figure 4-40: Specimen A1.16 at First Cycle of Indicated Drift Levels
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4.7.3

Recorded Response
A displacement history plot for Specimen A1.16 is shown in Figure 4-41. A plot of the

load versus the beam deflection is shown in Figure 4-42. A plot of the moment at the column
face versus the interstory drift angle in radians is shown in Figure 4-43. This plot is similar to
Figure 4-8. Figure 4-44 shows the moment at the column face versus the total inelastic rotation.

Figure 4-41: Specimen A1.16 Displacement History
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Figure 4-42: Specimen A1.16 Load versus Beam Deflection

Figure 4-43: Specimen A1.16 Moment versus Drift
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Figure 4-44: Specimen A1.16 Moment versus Total Plastic Rotation

Specimen A1.6

4.8.1

General
Specimen A1.6 had a new beam and fuse plates similar to Specimen A1.3 and A1.4. The

length of the shear regions for Specimen A1.6 were 6 inches as shown previously in Figure 3-9.
The purpose of the test was to evaluate the performance of a different connection configuration
with a 6-inch-long shear region. The test was performed on December 5, 2016.

4.8.2

Observed Performance
Figure 4-45 and Figure 4-46 show the plates after testing Specimen A1.6. Specimen A1.6

remained elastic throughout the 0.0075 and 0.01 rad cycles. Minor mill scale flaking began at the

89

beginning of the 0.015 rad cycles at the thin portions of the steel located at the corners of the cut
outs at the top and bottom of the fuse plate. There were some mild popping sounds started on the
negative excursions of the cycle towards the fuse plate during the 0.0075 rad cycles. This
indicated the beginning of bolt slip. During the 0.01 rad cycles, these sounds occurred on both
positive and negative excursions. As the rad cycles increased, major bolt slip continued to
increase as evident in the increase of frequency and intensity of the bang sounds.
During the 0.02 and 0.03 rad cycles, major mill scale flaking started in the middle of the
shear regions as shown in Figure 4-47(a). The yielding extended into a rectangular shape during
the 0.04 and 0.05 rad cycles as shown in Figure 4-47(b). Yielding also began at the corners of the
cutouts above and below the shear regions.
During the 0.06 and 0.07 rad cycles, the plastic deformation is more evident in the thin
portions of the cutouts as there is a concentration of yielding at these locations as shown in
Figure 4-47(c). During the 0.09 rad cycles, a tear began at one of the corners above the shear
region on the right and propagated diagonally towards the nearest the bolt hole.
Specimen A1.6 completed two complete cycles at 0.10 rad. The test was stopped after the
beam-column assembly began to experience significant torsion and out-of-plane movement.
There was only one location where the fuse plate had torn through to the bolt hole as shown in
Figure 4-47(e).
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Figure 4-45: Specimen A1.6 Fuse Plate (Top) After Testing

Figure 4-46: Specimen A1.6 Fuse Plate (Bottom) After Testing
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(a) 2%

(b) 4%

(c) 6%

(d) 8%

(e) 10%

Figure 4-47: Specimen A1.6 at First Cycle of Indicated Drift Levels
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4.8.3

Recorded Response
A displacement history plot for Specimen A1.6 is shown in Figure 4-48. A plot of the load

versus the beam deflection is shown in Figure 4-49. A plot of the moment at the column face
versus the interstory drift angle in radians is shown in Figure 4-50. This plot is similar to Figure
4-8. Figure 4-51 shows the moment at the column face versus the total inelastic rotation.

Figure 4-48: Specimen A1.6 Displacement History
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Figure 4-49: Specimen A1.6 Load versus Beam Deflection

Figure 4-50: Specimen A1.6 Moment versus Drift
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Figure 4-51: Specimen A1.6 Moment versus Total Plastic Rotation

Chapter Summary
The observed and recorded performances were presented for each test specimen in this
chapter. For each specimen, pictures depicting the fuse plates during specific story drift cycles
along with several hysteretic and displacement history plots were presented.
Both Specimens A1.3 and A1.4 remained elastic through the 0.0075 rad cycles. Yielding,
in the form of mill scale flaking, began during the 0.01 rad cycles. Tearing of the fuse plates
were noticed during the 0.04 and 0.05 rad cycles. Both specimens achieved at least one cycle at
0.07 rad. Specimen A1.5 remained elastic throughout the 0.0075 and 0.01 rad cycles. Major
yielding occurred during the 0.015 rad cycles. Plastic deformation progressed through the fuse
plates during the 0.04 and 0.05 rad cycles, while physical tearing began during the 0.06 rad
cycles. The test was stopped during the second cycle at 0.08 rad. Specimens A1.4.5 and A1.6.5
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remained elastic through the 0.0075 rad cycles. Yielding began for both specimens during the
0.01 rad cycles. Yielding would progress through the 0.02, 0.03, and 0.04 rad cycles for
Specimen A1.6.5, while plastic deformation progressed for Specimen A1.4.5 during the 0.02 and
0.03 rad cycles. During the 0.04 and 0.05 rad cycles, tearing began and propagated for the fuse
plate of Specimen A1.4.5. Specimen A1.4.5 achieved a story drift of 0.06 rad, while Specimen
A1.6.5 achieved a drift of 0.09 rad.
Specimen A1.16 used plates that had no shear-yielding regions. The purpose of the test of
Specimen A1.16 was to evaluate the ductile capacity of the beam. The plates used remained
essentially elastic for the entirety of the test. Lateral movement of the beam began during the
0.02 rad cycles and increased as the story drift cycles increased in displacement. The beam
continued to plastically deform until it started to twist just above the connection during the 0.08
rad cycles. Specimen A1.16 completed two full cycles at 0.10 rad before the test was stopped.
Specimen A1.6 used a new beam after the previous beam was plastically deformed during
the test of Specimen A1.16. The fuse plates remained essentially elastic during the 0.0075 and
0.01 rad cycles. Yielding of the fuse plates began during the 0.015 rad cycles and progressed
during the 0.02 and 0.03 rad cycles. Plastic deformation of the plates was evident during the 0.06
and 0.07 rad cycles. Specimen A1.6 completed two cycles at 0.10 rad drift before the test was
stopped.
The hysteretic responses provided in this chapter for each specimen will be analyzed and
compared with typical responses of other commonly used moment connections in the next
chapter. Peak loads and rotation capacities that were depicted in the displacement history and
hysteretic plots will also be analyzed. The presence and impact of bolt slip on the specimen tests
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will be evaluated. The next chapter will also determine the degree of connection’s resiliency
based on the observed performance of the tests.
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5

DISCUSSION

Introduction
In this chapter, the results from the seven specimen tests will be discussed. Hysteretic
responses of the various tests will be compared to typical hysteretic responses of welded moment
and bolted flange plate responses. Peak loads and rotation capacities that the specimens achieved
will also be compared. The impact of bolt slip on peak loads and rotation capacities will then be
evaluated for each specimen test. The resiliency of the RSF connection will also be discussed in
this chapter.

General
In general, the RSF connection performed well. The specimens completed cycles between
0.06 and 0.10 rad with most yielding occurring in the fuse plates. Apart from Specimen A.16,
minimum yielding occurred in the column and beam. The failures of each fuse plate of each
specimen are presented in Figure 5-1 and Figure 5-2. For Specimens A1.4.5 and A1.6.5, the top
plate did not have a shear-yielding region so that only the bottom plate acted as the structural
fuse. As such, only the failed fuse plate for both specimens are shown in Figure 5-2. The fuse
plates failed either in the shear yielding region or in the bolt holes. Failure in the bolt holes
typically occurred after the shear yielding region experienced yielding and strain hardening.
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Hysteretic Behavior
All specimens surpassed the minimum 0.04 rad drift by several drift cycles. The elastic
drift was around 0.01 rad for all specimens, which is similar to other steel moment connections.
More importantly, none of the specimens, with the exception of Specimen A1.16, which did not
have fuses, experienced extensive strength degradation prior to fuse tearing.
The hysteretic responses for Specimens A1.3 and A1.4 were similar to typical responses
from welded moment connections. The plots indicate that no strength degradation with a higher
rotation capacity was seen for Specimens A1.3 and A1.4. Results also indicate that the fuses
experienced stable yielding with an absence of bolt slipping. The shallow beam depth may have
prevented the occurrence of local buckling, which increased the rotation capacity and reduced
the presence of strength degradation.
The hysteretic response of Specimen A1.16 was similar to that of a bolted flange plate
connection. Bolt slipping was indicated to have occurred early in the test. Strength of the
connection increased as the cycles became large enough for the bolt to be in full bearing. The
shallow beam depth allowed for a high rotation capacity.
Specimens A1.5, A1.6, A1.4.5, and A1.6.5 exhibited hysteretic behaviors that were a
combination of responses from a welded connection and a bolted flange plate connection.
Results indicate that both bolt slipping and fuse plate yielding accommodated the stable rotations
without any local buckling.
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Specimen

Top Fuse Plate

Bottom Fuse Plate

(a) A1.3

(b) A1.4

(c) A1.5

(d) A1.6

Figure 5-1: Failure of Specimens with Fuse Plates on Both Sides
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Specimen

Top Fuse Plate

(a) A1.4.5

Not Applicable

(b) A1.6.5

Not Applicable

Bottom Fuse Plate

(c) A1.16

Figure 5-2: Failure of Specimens with One Fuse Plate on the Bottom or No Fuse Plates

Peak Loads and Rotation Capacity
The peak applied load and the number of cycles that were completed by each specimen
prior to fuse tearing are summarized in Table 5-1. With the smallest shear yielding region,
Specimen A1.3 had the lowest peak load and rotation capacity. It can be concluded that inelastic
deformations for Specimen A1.3 was solely accommodated by plate yielding. The absence of
bolt slipping was unable to occur due to the low loads. Specimen A1.6 had a higher peak load
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and more bolt slip. The bigger shear yielding regions in this specimen allowed bolt slipping to
occur earlier, which reduced the demand on the fuse plate until the larger cycles. The inelastic
rotation was able to be accommodated by both plate yielding and bolt slip. Specimens with only
a fuse plate on the bottom (e.g. A1.4.5, A1.6.5) had higher peak loads, but a lower rotation
capacity compared to specimens with top and bottom fuse plates with the same shear yielding
region depth (e.g. A1.4, A1.6). This was most likely a result of a concentration of deformation on
a single plate, rather than on two plates.
Table 5-1: Measured Response of the Various Specimens
Specimen

Peak Load
(kips)

Rotation Capacity,
rad (No. of Cycles)

A1.3
A1.4
A1.5
A1.6
A1.4.5
A1.6.5
A1.16

20.8
25.3
31.9
33.9
30.0
35.7
42.5

0.07 (1)
0.07 (1)
0.08 (2)
0.10 (1.5)
0.06 (1)
0.09 (2)
0.09 (2)

Bolt Slip
Bolt slipping was a vital component that determined the hysteretic responses and inelastic
deformation of the specimens. For each specimen, there may be a certain portion of the plastic
rotation that resulted from bolt slip. Bolt slip can be confirmed in hysteretic responses and visual
observations provided for each specimen. As mentioned previously, the theoretical amount of
plastic rotation was about 0.035 rad.
No bolt slip was visually observed during the tests for Specimens A1.3 and A1.4. The
hysteretic plots for both specimens also indicate that no bolt slip occurred for both specimens.
This supports the observation that fuse plate yielding was the sole contributor to the inelastic
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deformation of the specimens. Low peak loads contributed to the absence of bolt slipping and
may have caused an earlier unexpected yielding in the fuse plates.
Bolt movement during the test of Specimen A1.5 was not clearly identified visually, but
measured results indicate minor bolt slipping. The inelastic deformation of the specimen was
contributed mostly by fuse plate yielding, with the addition of bolt slip. The first observed full
bolt slip for Specimen A1.4.5 occurred in the two outer bolt rows at the end of the 0.05 rad drift
cycle. The bolt movement was accentuated as the bars were being bent towards the beam, and
especially as tearing began in the thin portions and shear regions of the fuse plates. Full bolt slip
occurred for Specimen A1.6.5 in the two middle bolt rows during the beginning of the 0.04 rad
drift cycle. Bolt slipping continued to occur as the drift cycles increased. Inelastic deformation
was accommodated by a balance of both fuse plate yielding and bolt slipping.
Major full bolt slip was seen in all bolts for Specimen A1.16 during the beginning of the
0.05 rad drift cycle. This continued throughout the remainder of the test. During the test of
Specimen A1.6, full bolt slip began during the 0.05 rad drift cycle at one of the outer bolt rows.
Bolt slipping was observed in the inner bolts at the end of the 0.06 rad drift cycle. Both bolt slip
and fuse plate yielding contributed to the inelastic deformation of the specimen.

Resiliency
Resiliency refers to the reusability of a building frame after experiencing a severe
earthquake loading. This concept has been one of the purposes for developing the RSF moment
connection. The same column assembly was used for all seven tests, whereas the same beam was
used for six tests. A new beam was used for the test of Specimen A1.6 after the previous beam
was yielded during the testing of Specimen A1.16. The top and bottom fuse plates were replaced
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after each test, but no repairs were made to the column or cover plates. The purpose of the bars
combined with the fuse plates was to relieve most, if not all, yielding from the column or beam.
Apart from Specimen A1.16, no yielding occurred in either both the column or beam for all
specimens. After testing Specimen A1.3, there was some slight permanent deformation in the
bars and slight tearing at the welds as seen in Figure 4-4 and Figure 4-5. Although the flange
bars experienced some inelastic deformation, the same bars were used for all seven tests.
Residual deformations in the flange bars were obvious before the installation of fuse plates for
each new test. The fuse plates were used to straighten the flange bars and tightened with bolts.
This action introduced additional stresses in the fuse plates, or “residual” stresses prior to testing.
These residual stresses most likely had a negative impact on the rotation capacity, but good
rotation capacity was still achieved despite such a handicap.

Chapter Summary
The hysteretic plots showed that all the specimens surpassed the minimum 0.04 rad story
drift by several drift cycles. In addition, none of the specimens experienced extensive strength
degradation, except for Specimen A1.16. The plates for all specimens experienced stable
yielding. The hysteretic responses of Specimens A1.3 and A1.4 were similar to responses typical
of welded moment connections, while the response of Specimen A1.16 was similar to typical
responses of bolted flange plate moment connections. Specimens A1.5, A1.6, A1.4.5, and A1.6.5
had hysteretic behavior that was a hybrid of the welded and bolted flange plate moment
connections.
The hysteretic plots also indicated the presence of bolt slipping. When bolt slipping was
present, bolt slipping contributed a portion of the plastic rotation of the specimen. This allowed
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for both fuse plate yielding and bolt slipping to accommodate the stable rotational capacity of the
specimen. The absence of bolt slip during the tests for Specimens A1.3 and A1.4 was likely due
to the low peak loads.
By using plates as the structural fuse of the connection, the tests showed that the RSF
connection can achieve a high peak load of about 43 kips and a high rotation capacity of 0.10 rad
story drift. The RSF connection achieved this by sacrificing the plates rather than the beam or the
column. By doing so, the same column was used for all tests and the same beam was used for six
of the seven tests. No repairs were made to any component of the connection throughout the
duration of testing. The four flange bars had some slight permanent deformation that may have
introduced residual stresses as they were straightened with the fuse plates; however, good
rotation capacity was still achieved.
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6

CONCLUSIONS

SMF connections that can withstand a severe earthquake loading typically use the beam
and column of the connection as the yielding mechanism. This allows the accommodation of
inelastic deformations, which results in high rotation capacities for the connections. The purpose
for developing the RSF connection was to create a SMF connection that was capable of handling
high inelastic deformations, but without sacrificing the building. Instead of damaging the beam
and column, the yielding mechanisms would be top and bottom plates that act as structural fuses.
Seven tests were used to investigate the cyclic behavior of the RSF connection. All the
specimens had the same column (W14×48) and beam (W14×38). For each test, the depth of the
shear-yielding region and the number of fuse plates varied. The results of the seven tests were
used to evaluate the inelastic deformation capacity of the RSF connection and provide an
indication of the RSF connection’s resiliency.
The following conclusions can be made from this research:
1. Replaceable shear fuse connections have the capability to prevent beam and
column damage by focusing inelastic rotations to shear-yielding fuse plates and
bolt slip.
2. Local buckling did not occur for these connections as inelastic rotation was
accommodated by shear fuse yielding and bolt slip. Specimens with 14 in. deep
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beams achieved rotations ranging from 0.06 rad to 0.10 rad without excessive
strength degradation.
3. Hysteretic responses for four of the seven specimens were a hybrid of typical
responses of welded and bolted flange plate moment connections. All responses
indicated that the fuse plates used in each specimen experienced stable yielding.
The elastic drift was about 0.01 rad for all specimens, which is a similar value to
other steel moment connections.
4. Bolt slip played an important role in accommodating inelastic rotations. Full bolt
slip was observed to have occurred as early as the 0.04 rad drift cycle. Low peak
loads were unable to induce the occurrence of bolt slipping. When bolt slipping
occurred earlier in the test, fuse plate yielding was delayed till the larger drift
cycles.
5. The replaceable shear fuse connection demonstrated resilience. The same column
was used for all seven tests, while the same beam was used for six of the seven
tests. The same four bars were also used for all tests, despite some slight permanent
deformation after the first test. Although the deformation of the bars may have
introduced additional stresses to the connection before the next tests, good rotation
capacity was still achieved.
Future research will be necessary to investigate the influence of beam depth, column depth,
fuse width, fuse plate thickness, bar thickness, and other relevant parameters. Additional research
is needed to analyze the optimum dimensions for each connection component, such as the flange
bars, cover plates, and shear tab. The occurrence of bolt slip should also be further investigated
for the RSF connections.
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